Doisne N, Maupoil V, Cosnay P, Findlay I. Catecholaminergic automatic activity in the rat pulmonary vein: electrophysiological differences between cardiac muscle in the left atrium and pulmonary vein. Am J Physiol Heart Circ Physiol 297: H102-H108, 2009. First published May 8, 2009 doi:10.1152/ajpheart.00256.2009.-Ectopic activity in cardiac muscle within pulmonary veins (PVs) is associated with the onset and the maintenance of atrial fibrillation in humans. The mechanism underlying this ectopic activity is unknown. Here we investigate automatic activity generated by catecholaminergic stimulation in the rat PV. Intracellular microelectrodes were used to record electrical activity in isolated strips of rat PV and left atrium (LA). The resting cardiac muscle membrane potential was lower in PV [Ϫ70 Ϯ 1 (SE) mV, n ϭ 8] than in LA (Ϫ85 Ϯ 1 mV, n ϭ 8). No spontaneous activity was recorded in PV or LA under basal conditions. Norepinephrine (10 Ϫ5 M) induced first a hyperpolarization (Ϫ8 Ϯ 1 mV in PV, Ϫ3 Ϯ 1 mV in LA, n ϭ 8 for both) then a slowly developing depolarization (ϩ21 Ϯ 2 mV after 15 min in PV, ϩ1 Ϯ 2 mV in LA) of the resting membrane potential. Automatic activity occurred only in PV; it was triggered at approximately Ϫ50 mV, and it occurred as repetitive bursts of slow action potentials. The diastolic membrane potential increased during a burst and slowly depolarized between bursts. Automatic activity in the PV was blocked by either atenolol or prazosine, and it could be generated with a mixture of cirazoline and isoprenaline. In both tissues, cirazoline (10 Ϫ6 M) induced a depolarization (ϩ37 Ϯ 2 mV in PV, n ϭ 5; ϩ5 Ϯ 1 mV in LA, n ϭ 5), and isoprenaline (10 Ϫ7 M) evoked a hyperpolarization (Ϫ11 Ϯ 3 mV in PV, n ϭ 7; Ϫ3 Ϯ 1 mV in LA, n ϭ 6). The differences in membrane potential and reaction to adrenergic stimulation lead to automatic electrical activity occurring specifically in cardiac muscle in the PV. atrium; norepinephrine; electrophysiology; atrial fibrillation; thoracic veins THE CAUSE OF FOCAL ELECTRICAL activity in myocardial sleeves within the pulmonary veins (6, 14) which can trigger and sustain atrial fibrillation in humans is unknown.
THE CAUSE OF FOCAL ELECTRICAL activity in myocardial sleeves within the pulmonary veins (6, 14) which can trigger and sustain atrial fibrillation in humans is unknown.
A number of themes have been developed to address possible causes of ectopic activity in the pulmonary veins. An attractive but disputed hypothesis is that cardiac muscle in pulmonary veins contains pacemaker cells that would generate spontaneous activity (5, 24) . Quantitative surveys of ion channel currents in isolated cardiac myocytes have looked for differences that might account for an increased tendency toward automatic activity in the pulmonary vein (1, 12, 21) . Extensive studies have been made to determine whether cardiac muscle in pulmonary veins is more prone than the left atrium to develop arrhythmogenic phenomena such as early and delayed afterdepolarizations (EADs and DADs) due to differences in Ca 2ϩ handling and/or tachycardia-triggered activity (5, 34) . The irregular orientation of cardiac muscle fibers in the pulmonary vein has been suggested to lead to circus movements, conduction block and reentry (7, 9, 32) .
The ability of either enzymatically isolated cardiac muscle cells from pulmonary veins or isolated but intact pulmonary veins to show spontaneous activity is disputed (34) . In our laboratory, we have never observed spontaneous activity in isolated pulmonary veins of the rat under basal physiological conditions. On the other hand, we recently showed that automatic contractile activity can be induced in pulmonary veins but not in the left atrium by the application of the catecholamine norepinephrine (20) . Therefore, the objective of this study was to determine the effect of catecholaminergic stimulation on the membrane potential and to characterize automatic activity in cardiac muscle of the pulmonary vein of the rat.
MATERIALS AND METHODS
The protocols used in this study had been approved by the local Animal Care and Use Committee (Comité Régional d'Ethique CentreLimousin). Male Wistar rats (CER Janvier, Le Genest, St. Isle, France) were anaesthetized by intraperitoneal injection of pentobarbital (60 mg/kg). After intravenous injection of heparin (500 IU/kg), the heart and lung block was rapidly removed and placed in a dissecting dish that contained Krebs-Henseleit solution (ϩ4°C) composed of (in mM) 119 NaCl, 25 NaHCO 3, 4.7 KCl, 1.18 KH2PO4, 1.17 MgSO 4, 1.36 CaCl2, and 5.5 glucose. A strip of tissue was dissected from either the right superior pulmonary vein [5-6 mm long and 2-3 mm wide, zone 2 in Bronquard et al. (4) ] or the left atrium and pinned luminal or endocardial side up to the floor of an organ bath through which flowed Krebs-Henseleit solution (pH 7.4 equilibrated with 95% O 2 and 5% CO2) maintained between 36 and 37°C.
Resting membrane potentials and electrically evoked action potentials were recorded with glass capillary microelectrodes filled with 3 M KCl (20 -30 M⍀) connected to a WPI M-707 microprobe amplifier (World Precision Instruments, Aston, UK). Voltage was filtered at 10 kHz low pass, displayed on an oscilloscope, and transferred at 40-kHz A/D via a PowerLab4/25 interface (ADInstruments, Chalgrove, UK) to a personal computer running Chart 5 software. Electrical stimuli consisted of 2-ms-duration square wave pulses generated by a WPI A310 accupulser through a WPI A360 stimulus isolation unit and delivered to the preparation via two fine shielded Ag/AgCl wires. Pulmonary veins contain vascular smooth muscle and endothelium as well as cardiac muscle. To be certain that we recorded from cardiac muscle, each penetration occurred during continuous 2 or 5 Hz electrical stimulation. Only recordings that showed overshooting fast action potentials were accepted. To then record the resting membrane potential, electrical stimulation was stopped, and the membrane po-tential was allowed to stabilize over 5-10 min before the onset of the experiment.
Analysis of action potential parameters was performed with the Peak Parameters Module of Chart software. Action potential duration was measured at 20 and 90% of the repolarization (APD 20 and APD90, respectively). Membrane potential recordings were analyzed by measuring the resting membrane potential at 1-s intervals. Statistical analysis was performed by paired t-tests and one-or two-way ANOVA followed by the Student-Newman-Keul's test for pairwise comparison (SigmaStat version 3.5; Systat Software, Point Richmond, CA). A P value of Ͻ0.05 was considered to be significant.
Chemicals were of reagent grade and obtained from either Merck KG (Darmstadt, Germany) or Sigma-Aldrich (Saint Quentin Fallavier, France). Cirazoline hydrochloride was obtained from Tocris Cookson (Avonmouth, UK).
RESULTS
Norepinephrine evoked a biphasic response from the resting membrane potential of cardiac muscle in the pulmonary vein (Fig. 1) . The initial response was a hyperpolarization from Ϫ70 Ϯ 1 mV (n ϭ 8) to Ϫ78 Ϯ 1 mV (P Ͻ 0.01 vs. control) in ϳ120 s, which was followed by a slow depolarization that reached Ϫ49 Ϯ 2 mV (P Ͻ 0.01 vs. control) after 15 min. Automatic activity was induced after 16 Ϯ 1 min (ranging from 12 to 21 min). In the left atrium ( Fig. 1) , from a resting membrane potential of Ϫ85 Ϯ 1 mV (n ϭ 8, P Ͻ 0.01 vs. pulmonary vein), norepinephrine induced first a hyperpolarization to Ϫ88 Ϯ 1 mV (P Ͻ 0.01 vs. control) after 5 min followed by a slow recovery to Ϫ84 Ϯ 2 mV (not significantly different from the control) after 15 min. Norepinephrine never induced automatic activity in the left atrium.
Automatic activity induced by norepinephrine in cardiac muscle of the pulmonary vein. Figure 2 shows automatic activity induced in cardiac muscle of the pulmonary vein by the application of norepinephrine. Automatic activity occurred in repetitive bursts ( Fig. 2A) whose duration varied between different preparations (Table 1) . In each burst, the frequency of automatic action potentials first increases and then declines ( Fig. 2B and Table 1 ).
Bursts of automatic activity are triggered at Ϫ50 Ϯ 1 mV (n ϭ 16). The first automatic action potential in a burst is followed by a distinct afterhyperpolarization to Ϫ54 Ϯ 1 mV ( Fig. 2Ca and Table 1 ), and subsequent automatic action potentials are preceded by a phase 4 depolarization that consists of both a linear and an exponential component (18) before the take-off of the following phase 0 depolarization (Fig. 2Ca) . As the frequency of automatic action potentials increases, the linear portion of the phase 4 depolarization disappears and leaves only an exponential phase of depolarization leading to the next automatic action potential (Fig. 2Cb) . The acceleration of automatic action potential frequency lasts for ϳ5 s without any change in the maximum diastolic membrane potential (Fig. 2B and Table 1 ). At the same time, automatic action potential amplitude and the maximum rate of phase 0 depolarization decline (Table 1) .
Next, as automatic action potential frequency declines, the maximum diastolic membrane potential increases, and automatic action potential amplitude and the maximum rate of phase 0 depolarization either continue to decline (Table 1) or show signs of recovery toward the end of a burst in some preparations (Fig. 2B ). It is noteworthy that this decline in automatic action potential frequency is not associated with the recovery of a linear component of phase 4 depolarization (Fig. 2Cc) .
The final automatic action potential in a burst is followed by one or more oscillations of the membrane potential ( Fig. 2Cc ) that fail to reach the point of take-off for phase 0 depolarization ( Fig. 2D ). At the end of a burst, the resting membrane potential increases to Ϫ64 Ϯ 1 mV (n ϭ 16) before the onset of the slowly developing depolarization which will lead to the onset of the next burst ( Fig. 2A ) after 25 Ϯ 3 s (range 13-50 s, n ϭ 16).
We tested the effects of adrenergic receptor antagonists upon automatic activity induced by norepinephrine in cardiac muscle of the pulmonary vein (Fig. 3 ). The addition of the ␣ 1 -adrenergic receptor antagonist prazosine to norepinephrine (Fig. 3A ) stopped automatic activity, and the membrane potential hyperpolarized to Ϫ76 Ϯ 2 mV (n ϭ 3). The addition of the ␤ 1 -adrenergic receptor antagonist atenolol to norepinephrine ( Fig. 3B ) also stopped automatic activity, and in this case the membrane potential depolarized to Ϫ38 Ϯ 2 mV (n ϭ 4). This extends our previous observation that inhibition of either ␣-or ␤-adrenergic receptors stops automatic activity induced by norepinephrine in the pulmonary vein (20) .
Adrenergic receptor agonist and antagonist effects on the resting membrane potential of cardiac muscle in the pulmonary vein and the left atrium. Neither atenolol nor prazosine had any effect on the resting membrane potential of cardiac muscle in the pulmonary vein and the left atrium (data not shown). On the other hand, both affected its reaction to norepinephrine (Fig. 4) . In the pulmonary vein (Fig. 4A ) norepinephrine alone evoked first a hyperpolarization of Ϫ8 mV then a depolarization of ϩ22 mV. In the presence of the ␣ 1 -adrenergic receptor antagonist prazosine, it provoked only a monophasic and sustained hyperpolarization of ϳϪ8 mV. In the presence of the ␤ 1 -adrenergic receptor antagonist atenolol, norepinephrine provoked a monophasic depolarization that reached ϩ40 mV after 15 min. In the left atrium (Fig. 4B) , norepinephrine, in the presence of prazosine, induced a sustained hyperpolarization. In the presence of atenolol, the reaction to norepinephrine was reduced.
We tested the effects of selective adrenergic receptor agonists on the resting membrane potential. The ␣-adrenergic receptor agonist cirazoline evoked depolarization of the resting membrane potential in both the pulmonary vein and the left atrium (Fig. 5) . The ␤-adrenergic receptor agonist isoprenaline evoked hyperpolarization of the membrane potential in both tissues (Fig. 5) . The effects of cirazoline and isoprenaline were significantly greater (P Ͻ 0.01) in the pulmonary vein than in the left atrium. In particular, cirazoline induced a large depolarization in the cardiac muscle of the pulmonary vein compared with a very limited effect on the membrane potential of the cardiac muscle of the left atrium. It is also worth noting that cirazoline did not evoke automatic activity even though it depolarized cardiac muscle of the pulmonary vein to Ϫ37 Ϯ 2 mV (n ϭ 7), which was further than norepinephrine (Ϫ49 Ϯ 2 Values are means Ϯ SE with ranges in parentheses. Data were obtained from the analysis of a typical burst in each of 16 different preparations. Max. Freq., point of maximum action potential (AP) frequency in a burst; Freq, instantaneous AP frequency; MDP, maximum diastolic potential between APs; dV/dtmax, maximum rate of AP phase 0 depolarization; peak, voltage of AP peak; APD90, duration of AP at 90% of repolarization. mV, n ϭ 8). The effect of cirazoline was fully reversed by the addition of the ␣-adrenergic antagonist prazosine (data not shown).
Automatic activity in cardiac muscle of the pulmonary vein can be evoked by the combination of ␣-and ␤-adrenergic receptor stimulation. The fact that cirazoline can evoke a strong depolarization of the membrane potential in the cardiac muscle of the pulmonary vein without inducing automatic activity suggests that this activity might involve more than a purely voltage-dependent process. Figure 6 shows the effects of ␣-adrenergic receptor stimulation alone and with the progressive increase of ␤-adrenergic receptor stimulation on the resting membrane potential of cardiac muscle in the pulmonary vein. These results are representative of those obtained in four different preparations. In each case, the application of 10 Ϫ6 M cirazoline resulted in a strong depolarization from a resting membrane potential of Ϫ72 Ϯ 2 to Ϫ34 Ϯ 1 mV without inducing automatic activity. The progressive addition of isoprenaline from 5 ϫ 10 Ϫ9 to 5 ϫ 10 Ϫ7 M led to 1) a hyperpolarization, 2) the development of bursting automatic activity, and 3) the loss of automatic activity and a resting membrane potential of Ϫ55 Ϯ 3 mV. In each case, automatic activity could be recovered by reducing the concentration of isoprenaline again (data not shown).
␤-Adrenergic receptor stimulation can exert a very fine control over the kinetics of automatic activity in cardiac muscle of the pulmonary vein. In this recording (Fig. 6) , in the presence of 10 Ϫ6 M cirazoline, 5 ϫ 10 Ϫ8 M isoprenaline evoked an automatic activity similar to that described with norepinephrine ( Fig. 2 and Table 1 ). Automatic action potential frequency during the burst rose from 2.3 to 4.3 Hz and then declined to 2.1 Hz, dV/dt max declined from 15.6 to 7.4 and then rose to 8.4 V/s while the diastolic membrane potential increased from Ϫ54 to Ϫ59 mV during the burst with a postburst hyperpolarization to Ϫ65 mV. Burst duration was 20 s with an interburst interval of 42 s. A lower concentration of isoprenaline (10 Ϫ8 M) was associated with longer bursts (38 s), shorter interburst intervals (5 s), and less hyperpolarization during (Ϫ53 to Ϫ54 mV) and after (Ϫ55 mV) the bursts. Automatic action potentials were slower (9.2 to 4.8 to 7.6 V/s) with a reduced frequency (1.9 to 3.7 to 2.1 Hz). Curiously, increasing the concentration of isoprenaline to 10 Ϫ7 M led to lowfrequency individual automatic action potentials arising from a resting membrane potential of Ϫ45 mV.
Electrically evoked action potentials recorded in cardiac muscle of the pulmonary vein and the left atrium. There was little difference between the action potentials evoked by electrical stimulation (2 Hz) in cardiac muscle of the pulmonary vein and the left atrium. In the pulmonary vein, the diastolic membrane potential was Ϫ84 Ϯ 1 mV (n ϭ 51 penetrations in 7 preparations), action potential amplitude 99 Ϯ 1 mV, maximum rate of phase 0 depolarization 190 Ϯ 6 V/s, APD 20 1 ms, and APD 90 43 Ϯ 1 ms. In the left atrium, the diastolic membrane potential was Ϫ84 Ϯ 1 mV (n ϭ 92 penetrations in 10 preparations), action potential amplitude 106 Ϯ 1 mV, maximum rate of phase 0 depolarization 196 Ϯ 5 V/s, APD 20 3 Ϯ 1 ms, and APD 90 36 Ϯ 1 ms. The only statistically significant differences were that both APD 20 (P Ͻ 0.05) and APD 90 (P Ͻ 0.01) were longer in the pulmonary vein.
We examined the effects of ␣-and ␤-adrenergic stimulation on these electrically evoked action potentials. In the left atrium, cirazoline (10 Ϫ6 M) had no significant effect on the diastolic membrane potential (Ϫ83 Ϯ 1 mV, n ϭ 17 penetrations in 6 preparations), and its only significant effects on the action potential were to increase APD 90 to 104 Ϯ 9 ms and APD 20 to 4 Ϯ 1 ms (P Ͻ 0.01 vs. control for both). Likewise, isoprenaline (10 Ϫ7 M) had no significant effect on the diastolic membrane potential in the left atrium (Ϫ83 Ϯ 1 mV, n ϭ 43 penetrations in 4 preparations), but it significantly reduced APD 90 to 24 Ϯ 2 ms (P Ͻ 0.01 vs. control) while significantly increasing APD 20 to 4 Ϯ 1 ms (P Ͻ 0.01 vs. control). In the pulmonary vein, isoprenaline caused a significant increase in diastolic membrane potential (Ϫ87 Ϯ 1 mV, n ϭ 14 penetrations in 4 preparations, P Ͻ 0.01 vs. control), action potential amplitude 109 Ϯ 2 mV (P Ͻ 0.01 vs. control), and maximum rate of phase 0 depolarization 231 Ϯ 7 V/s (P Ͻ 0.01 vs. control). In the pulmonary vein, cirazoline provoked a decrease of the diastolic membrane potential that was sufficient to rend the tissue electrically inexcitable under our experimental conditions.
DISCUSSION
This investigation identifies clear differences between the electrophysiology of the cardiac muscle of the pulmonary vein and the left atrium of the rat. The resting membrane potential of cardiac muscle of the pulmonary vein is depolarized compared with that of the left atrium. ␣-Adrenergic receptor stimulation induces a depolarization of the resting membrane potential, and ␤-adrenergic receptor stimulation provokes a hyperpolarization. The responses of the resting membrane potential to norepinephrine and selective ␣-and ␤-adrenergic receptor stimulation are quantitatively greater in cardiac muscle of the pulmonary vein than in the left atrium. These differences between the cardiac muscle of the left atrium and the pulmonary vein probably underlie the specificity of the generation of catecholaminergic automatic activity in the pulmonary vein for which both ␣-and ␤-adrenergic receptor stimulation were required. Catecholaminergic automatic activity in the pulmonary vein occurs in repetitive bursts of slow action potentials.
Resting membrane potential. In the left atrium, we found that there was little difference between the quiescent tissue resting membrane potential and the diastolic membrane potential during electrically evoked action potentials, as reported previously (11, 16) . On the other hand, the resting membrane potential in the pulmonary vein rose following the cessation of electrical stimulation to a steady-state level that was clearly depolarized compared with the left atrium. Similar results have been reported for the canine coronary sinus (35) due to a strong basal permeability to Na ϩ (2). Further investigations are needed to determine whether cardiac muscle in the pulmonary vein of the rat also has a high basal permeability to Na ϩ .
A depolarized membrane potential can lead to deterioration of electrically evoked action potential form and even inexcitability (33, 35) , probably due to inactivation of voltage-gated Na ϩ channels. We obtained similar results in the pulmonary vein in the presence of cirazoline. These phenomena did not occur in the left atrium where there is a strongly polarized membrane potential and where cirazoline had a much lesser effect.
␣-and ␤-Adrenergic receptor stimulation and the resting membrane potential. ␣-Adrenergic receptor stimulation evoked depolarization of the resting membrane potential in cardiac muscle of the pulmonary vein and the left atrium. ␣-Adrenergic receptor stimulation has been shown to reduce background K ϩ currents, including IK 1 , IK Ach , and IK h in atrial cardiac muscle (3, 13, 16, 36) . To date, it has not been shown to induce an increase in an inwardly directed ion conductance that could cause depolarization, although it has been shown to increase activity of the Na ϩ /Ca 2ϩ exchanger (28) . The effects of ␣-adrenergic receptor stimulation were much greater in the cardiac muscle of the pulmonary vein than in that of the left atrium. If the mechanism of depolarization of cardiac muscle by ␣-adrenergic receptor stimulation results from the reduction of IK 1 , it is possible that the different degrees of the response in the left atrium and the pulmonary vein may arise from differential distribution of inward-rectifying K ϩ (Kir 2.x ) subunits (37) . On the other hand, the degree to which a reduction in background K ϩ conductance would evoke depolarization may depend upon other contributions to the basal resting membrane conductance (2, 16, 35) . For example, a greater background Na ϩ conductance in the cardiac muscle of the pulmonary vein than in the left atrium would not only explain the greater depolarization that could result from the reduction of IK 1 /IK h by cirazoline but also explain the more depolarized resting membrane potential. Further investigations are needed to examine both this hypothesis and the expression of Kir2.x subunits in different regions of the rat heart. Sosunov et al. (27) found that ␣-adrenergic receptor stimulation evoked depolarization and automatic activity in ventricular Purkinje fibers of dogs prone to "sudden death." In our studies of normal rats, although cirazoline could strongly depolarize cardiac muscle in the pulmonary vein, this was not associated with the induction of automatic activity.
␤-Adrenergic receptor stimulation induced hyperpolarization of the resting membrane potential in both the pulmonary vein and the left atrium. This could result from either activation of the Na (11) or increasing the activity of IK Ach /IK h (36) . The fact that this hyperpolarization was greater in the pulmonary vein than the left atrium could be a consequence of its more depolarized resting membrane potential.
Action potentials in the pulmonary vein and the left atrium. Comparisons of electrically stimulated action potentials in the left atrium and the pulmonary vein have given rise to variable results in different species (8, 12, 17, 22, 25, 33) . In our experimental conditions, there was no difference in the diastolic membrane potential during electrical stimulation at 2 Hz between what would be classed as "distal" pulmonary vein by Miyauchi et al. (22) and left atrium, although action potential duration was greater in the pulmonary vein.
Automatic activity in cardiac muscle of the pulmonary vein. To our knowledge, this is the first time that automatic electrical activity in a mammalian cardiac muscle has been described as occurring in clearly defined and repetitive bursts. However, periodicity can be induced in sinus rhythm with the alkaloid veratramine (31) , and high concentrations (10 Ϫ4 M) of norepinephrine can induce silent periods in otherwise continuous automatic activity in human right atrial muscle fibers (19) . Recordings of spontaneous activity in animal pulmonary veins (7, 10, 25) have not reported spontaneous activity occurring in bursts.
The base of the rhythmic organization of bursting activity is a saw-tooth pattern with diastolic membrane potential increasing toward the end of and following a burst of automatic action potentials and an almost linear decline of the resting membrane potential between bursts. At the onset of a burst, phase 4 depolarization between automatic action potentials resembles that recorded in the sinoatrial node (Fig. 2Ca) (18) while at the end of the burst it is more like a pacing-induced DAD (Fig.  2Cc) (30) . Each burst ended when this DAD-like wave failed to reach a voltage that would trigger an automatic action potential (Fig. 2D) .
Automatic action potentials showed a variable form both within individual bursts of automatic activity and between different preparations of the pulmonary vein (Table 1) . Nevertheless, they commonly showed that, at best, their rate of phase 0 depolarization represented 10% of the rate of depolarization of electrically evoked action potentials. This clearly places automatic action potentials among "slow" action potentials in cardiac muscle cells.
Norepinephrine was able to induce automatic electrical activity in the cardiac muscle of the pulmonary vein but not in that of the left atrium. A simple explanation for the failure of adrenergic stimulation to induce automatic activity in the left atrium is their failure to induce sufficient depolarization. We show that ␣-adrenergic stimulation induces a significantly smaller depolarization of the membrane potential in the left atrium.
Although automatic activity induced by norepinephrine in cardiac muscle of the pulmonary vein is preceded by a strong depolarization of the resting membrane potential, depolarization per se was not sufficient to induce automatic activity. There is a "window" of ␤-adrenergic stimulation associated with the induction of automatic electrical activity in the cardiac muscle of the pulmonary vein (Fig. 6) . Whether this represents a window of membrane potential ( Fig. 3 and 6 ) remains to be determined.
We cannot say whether or where there might be particular points of initiation of automatic electrical activity in the pulmonary vein of the rat. Hocini et al. (15) recorded multiple foci of ectopic activity in individual human pulmonary veins. Triggered ectopic activity in pulmonary veins of the dog has been localized to particular regions rich in sympathetic innervation and Periodic acid-Schiff-sensitive myocardial cells (29) and to ganglionated plexi where cholinergic and adrenergic neurotransmitters can provoke EADs (26) . Further investigation with two-dimensional mapping of the surface of the vein in the rat will be required.
In conclusion, this study reveals a number of critical elements that distinguish cardiac muscle of the pulmonary vein from that of the left atrium of the rat. The origin of these differences is unknown, although it has been suggested that rather than a simple outgrowth of cardiac myocytes from the developing left atrium, the cardiac muscle of the pulmonary veins may have a separate embryological origin (23) . If there are equivalent differences in the origin and the electrophysiology of cardiac muscle sleeves in the pulmonary veins of humans, they may contribute to the genesis of paroxystic atrial fibrillation. Identification of the molecular origins of these differences may open the way for the development of a specific therapeutic treatment. These results also raise an interesting question: which would be more arrhythmogenic, continuous or bursting automatic activity?
